Objective Bone strength depends on both mineral content and bone structure. The aim of this in vitro study was to develop a method of quantitatively assessing trabecular bone structure by applying three-dimensional image processing to data acquired with multi-slice and cone-beam computed tomography using micro-computed tomography as a reference. Materials and Methods Fifteen bone samples from the radius were examined. After segmentation, quantitative measures of bone volume, trabecular thickness, trabecular separation, trabecular number, trabecular nodes, and trabecular termini were obtained. Results The clinical machines overestimated bone volume and trabecular thickness and underestimated trabecular nodes and number, but cone-beam CT to a lesser extent. Parameters obtained from cone beam CT were strongly correlated with μCT, with correlation coefficients between 0.93 and 0.98 for all parameters except trabecular termini. Conclusions The high correlation between cone-beam CT and micro-CT suggest the possibility of quantifying and monitoring changes of trabecular bone microarchitecture in vivo using cone beam CT.
Introduction
Bone strength, which is an important determinant of osteoporosis-related fractures, depends on the mineral content as well as the internal structure [1] . To assess the bone mineral content, the method most frequently used in clinical practice is measuring bone mineral density (BMD) with dual energy Xray absorptiometry (DXA) [2] . This method estimates the mineral content per projected bone area (g/cm 2 ) from a twodimensional image, but does not describe the trabecular bone structure. This limits its ability to fully predict the mechanical properties of the bone.
Several studies have shown that mainly the trabecular bone is affected in osteoporosis, and that the bone structure has great importance for biomechanical competence [3] . Clinical studies show that the risk of vertebral fractures is higher with disconnections in the trabecular bone network [4, 5] .
Trabecular bone microarchitecture can be described using different parameters [6] . In vitro, bone structure can be described and measured by destructive histomorphometry and by micro-computed tomography (μCT). Good agreement between μCT and destructive histomorphometry has been demonstrated [7] . In vivo imaging of the trabecular bone is feasible using magnetic resonance imaging (MRI) [8] [9] [10] . High-resolution peripheral CT (HR-pQCT) is used for visualization of trabecular bone structures in the peripheral skeleton, e.g., the calcaneus and wrist [11, 12] . It would be attractive to be able to use other clinically available CT scanners for osteoporotic research of more central parts of the body as well.
A pilot study using images acquired through multi-slice CT (MSCT) and the ARG algorithm to describe the skeletal microstructure evaluated, with a promising outcome, the results using μCT as a reference [13] .
A relatively recently developed acquisition technique, cone-beam computed tomography (CBCT), is used in diagnosing dental, maxillofacial, and temporal bone structures [14] . CBCT provides images with isotropic voxels within the range 80-400 μm. A few articles are published in the field of describing bone microstructure on images acquired by CBCT [15, 16] . Several studies describe the microstructure of bone imaged by μCT [17] [18] [19] . There are also articles analyzing trabecular bone with MSCT, comparing it with μCT [20] [21] [22] . It would therefore be interesting to compare measures describing the bone microstructure obtained from MSCT and CBCT with that from μCT in order to quantitatively describe trabecular bone structure with a technique that is potentially applicable in vivo.
The aim of this work was to develop a method for the quantitative assessment of trabecular bone structure by applying three-dimensional (3D) image processing methods to data acquired with MSCT and CBCT in vitro and to correlate it with the reference method μCT.
Materials and methods

Materials
The samples in this study consisted of 15 bone biopsies from the radius, the forearm, of human cadavers donated for medical research. The research was in accordance with the ethical guidelines regulating such donations. The biopsies were approximately cubic, each side measuring 10 mm. Each cube included a portion of cortical bone on one side to facilitate orientation. The bone samples were placed in a test tube filled with water and the tubes were placed in the center of a paraffin cylinder, with a diameter of approximately 10 cm, representing soft tissue, to simulate measurements in vivo. After imaging, a cube, each side measuring approximately 8 mm, with only trabecular bone, was digitally extracted from each dataset for analysis.
Image acquisition and reconstruction
The specimens were examined in two different 64-slice MSCT machines, one Siemens Definition (Siemens AG, Erlangen, Germany) and one Light Speed VCT (GE Medical Systems, Milwaukee, WI, USA). On the Siemens MSCT, two levels of the slice thickness and of the mAs setting were used. The images from GE MSCT were reconstructed using two different reconstruction filters, "bone" and "bone plus." The CBCT machine used was 3D Accuitomo FPD 80 (J. Morita Mfg. Corp., Kyoto, Japan). Acquisition parameters are found in Table 1 and sample images in Fig. 1 .
The μCT data were acquired with a small desktop CT device used for analyzing biopsies and other specimens (μCT 40; SCANCO Medical AG, Bassersdorf, Switzerland). The tube voltage was set to 70 kVp and the voxels had an isotropic resolution of 0.02 mm.
Image processing CBCT and μCT voxels were isotropic. The CBCT had voxel sizes of 0.125 mm and 0.08 mm and the μCT had a voxel size of 0.02 mm. To obtain almost isotropic voxels from the MSCT multislice computed tomography; CBCT cone beam computed tomography MSCT, the sections were averaged to voxel size 0.188× 0.188×0.200 mm for the GE MSCT and to 0.098×0.098× 0.098 mm for the Siemens MSCT datasets. Segmentation, an important part of the 3D image processing in this study, is aimed at delineating bone from other tissues. Voxels representing bone are then assigned the value 1 and the remaining voxels the value 0, resulting in a binary image. We have used the automated 3D region growing algorithm based on an assessment function (ARG) [23] . Similar to many other mathematical morphology-based techniques, ARG has been devised for images with isometric voxels. Thus, it is necessary to perform an interpolation before ARG is applied, in case the images have non-isometric voxels. In our case such an interpolation was necessary for the MSCT images. The ARG method starts with a very limited homogeneity threshold that results in an undersegmented region. The image processing is then repeated with a higher threshold and the procedure is iterated. A segmentation that was used to calculate the parameters was defined as the iteration where the assessment function attained its minimum. Representative images demonstrating raw images, segmented images, and 3D images from μCT data are shown in (Figs. 1c and 2) .
The quantitative parameters of the bone structure were calculated using MATLAB. The MATLAB code used for segmenting the images was developed in house. The computer used was a standard PC with Intel Core i5, CPU at 2.60GHz, 4GB of RAM, and a 64-bit operating system. Six different parameters were measured and are listed below:
Bone volume over total volume (BV/TV) is measured by dividing the number of voxels classified as bone trabecula by the total number of voxels in the bone sample (Fig. 3a) Trabecular thickness (Tb.Th) is measured in millimeters, the mean trabecular bone diameter (Fig. 3b ) Trabecular separation (Tb.Sp), also measured in millimeters, the mean distance between the boundaries of the segmented trabeculae (Fig. 3c ) Trabecular number (Tb.N) is the number of the trabeculae, measured as the inverse of the mean spacing between the midlines of the trabeculae (Fig. 3c ) Table 2 ). Both MSCT machines overestimated BV/TV more than four times and the CBCT machine more than three times. Tb.Nd was highly underestimated by all the clinical machines relative to μCT. (Figs. 5 and 7 ; Table 2 ).
The GE MSCT machines underestimated Tb.Nd more than 10 times and showed very small variations in this parameter between the bone samples.
All clinical CT machines showed a strong correlation with μCT regarding BV/TV (r >0.86; Table 3 ). For the Tb.Th, both the CBCT and the Siemens MSCT showed strong correlation (r >0.86).
When images reconstructed with the two different reconstruction filters from the GE MSCT ("bone" and "bone plus") were compared, the "bone plus" filter had slightly stronger correlations with the μCT measurements for all parameters other than those of the "bone" filter ( Table 3 ). The differences between the mean values obtained with the two filters were small (Table 2) .
Regarding the Siemens MSCT, the obtained Tb.Sp, Tb.N, and Tb.Nd had weak correlations with those of μCT when using a slice thickness of 0.6 mm (r =0.12, 0.15, and 0.02 respectively), but was much stronger when using a slice thickness of 0.4 mm (r =0.52, 0.66, and 0.70 respectively). Tb.Th and BV/TV had almost the same correlation with those of μCT regardless of the slice thickness (r =0.88-0.92; Table 3 ).
The bone samples were imaged by CBCT using two different isotropic voxel sizes, 80 μm and 125 μm. voxel sizes the observed correlations with μCT were above 0.80 for all parameters except for Tb.Tm, where the correlation was 0.73. When using a voxel size of 80 μm the correlation coefficients ranged from 0.93 to 0.97 for BV/TV, Tb.Th, Tb.N, and Tb.Nd (Table 3) .
Discussion
When describing the microarchitecture of the trabecular bone, the image resolution turned out to be of great importance. When describing parameters sensitive to differences in the trabecular network, such as Tb.Nd and Tb.N, CBCT showed much higher correlations with μCT than did MSCT. The correlations of CBCT were as high as 0.93 and 0.95 respectively for the 80-μm isotropic voxels, while the relatively low resolution of MSCT with >400-μm isotropic voxels resulted in much lower correlations (Table 3 ). It should be noted that for MSCT, the choice of reconstruction filter ("bone" vs. "boneplus" on the GE machine) did have an effect on the results. It cannot be excluded that even better results might be attained with a different filter, but with the hardware and software available, these were the filters that were expected to give the best results. On the other hand, when describing parameters less sensitive to image resolution, such as BV/TV all studied machines showed strong correlations with those of μCT (r > 0.87), regardless of resolution or filter. There was also a strong correlation for Tb.Th when using MSCT from Siemens, as well as when using the CBCT machine. However, both BV/ TV and Tb.Th describe the mineral content, just like DXA, but fail to describe the complexity of the microarchitecture.
A r e c e n t a r t i c l e d e s c r i b i n g t r a b e c u l a r b o n e microarchitecture in the maxilla found positive correlations between μCT and CBCT (with a resolution of 400 μm) regarding BV/TV (r =0.77), Tb.N (r =0.52), and Tb.Th (r = 0.49) [24] . In our study, using CBCT with a higher resolution (80 μm), the correlations for the same parameters were considerably higher: BV/TV r =0.97, Tb.N r =0.95, and Tb.Th r =0.96. CBCT either overestimated or underestimated the bone structure parameters compared with μCT. Such systematic errors can be tolerated if the purpose is to make intraindividual comparisons over time, for example, to evaluate medical treatment. High correlations with the gold standard can also make it possible to estimate the bone structure in individuals with measurements on only one occasion if the known relationship between the measurements from different machines is taken into account. Our study was an in vitro study and the bone specimens were defatted and surrounded by water. This may affect the results compared with studies on viable bone. Our measurements, imaged by μCT, describing Tb.N, Tb.Th as well as Tb.Sp, are in good agreement with other studies, indicating that the results are credible [25, 26] .
When imaging facial structures, CBCT machines are usually used with the patient in either the sitting or the standing position. The long acquisition time, between 10 and 35 s, ) measured from cone-beam CT (80 μm) and micro-CT (20 μm) increases the risk of motion artifacts, especially when the patient is standing. There are CBCT devices for patients lying down, but they are less widely used. The CBCT equipment currently available does not permit examination of the torso. The prospect of applying CBCT to, for example, vertebral examinations, therefore, does not seem realistic. Examination of cervical vertebrae is feasible [27] , but the radiation dose to the thyroid would probably be an issue if screening for osteoporosis were to be carried out. In order to decrease the radiation dose to the thyroid, imaging of the wrist could be an appealing alternative. Such a study, with a CBCT device permitting patients to lie down, has recently been published [28] . There are also studies describing finger fractures imaged using CBCT devices, with a high correlation with those with MSCT [29] , and articles in which the wrist is imaged by arthrography and CBCT [30] . If the wrist is going to be imaged in our CBCT machine, some kind of fixation device for the wrist needs to be developed in order to minimize the risk of motion artifacts and to ensure high reproducibility.
It has previously been shown that there is a correlation between the width of the mandible cortex and the BMD of the lumbar spine [31] . By analyzing changes in mandible bone structures from panoramic dental radiographs it has been possible to identify 40-69 % of women at risk of future fractures by observing sparse mandibular trabeculation [32] . This indicates that it might be possible to identify persons at risk of osteoporosis by also investigating the 3D trabecular network of the mandible when performing dental examinations by CBCT.
An existing method of studying the trabecular bone structure at a resolution equivalent to CBCT is HR-pQCT [11] . In a study by Sode et al. [33] , HR-pQCT data sets of different voxel sizes correlated with μCT, also of different voxel sizes. The correlation for the structure parameters increased when the voxel size for HRpQCT was close to the voxel size for μCT. This strengthens the conclusion that resolution plays an important role in the ability of CBCT to describe trabecular bone structures. A disadvantage of HR-pQCT is that it is less wide-spread than CBCT and that it is only used for peripheral body parts. MSCT, on the other hand, is available in most general hospitals. The radiation dose is, however, considerably higher compared with CBCT [34] . Another drawback of MSCT is its lower resolution, which, as shown by our present study, results in much lower correlations with μCT for several of the bone structure parameters. MRI is appealing as it does not use any radiation, but susceptibility artifacts cause magnetic field-dependent overestimation of the trabeculae [10] and also the cost per examination is rather high compared with many other imaging methods. In addition, the acquisition time is considerably longer than for CBCT.
Future clinical studies are needed to evaluate the effects of patient movement as well as other factors that may complicate in vivo acquisition. It would also be interesting to compare CBCT with HR-pQCT with μCT as the reference. As most CBCT scanners are used for dental examinations, there may be free capacity during out-of-office hours, which potentially can be used for research studies and clinical trials.
In conclusion, the very high correlation between CBCT and μCT, for several bone structure parameters, in particular Tb.Nd and Tb.N, suggests that it might be feasible to use CBCT for monitoring changes in the microarchitecture of trabecular bone in vivo. 
